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SUMMARY 


Problems 

I  onp-chaiu  polymers  li.no  boon  demonstrated  to  i  educe  turbulent  Mow  friction 
in  \\;it  or  I  ho  purpose  of  (his  imoslip.it  inn  is  o  study  the  ability  ol  biolopio.il  p«»l\ - 
mors  produced  by  seaweeds.  microscopic  alpac.  ;iihI  hactcna  l«>  rodiuo  friction  in 
water  How  I  liroo  aroas  aro  of  iniorosl  ili(  an  poly  mors  ot  biolopic.il  oiipjn  ac- 
ootml  lor  llio  reported  unexplainable  variations  m  hydtody  n.imio  lost  facilities’ 
(2Man  hiolopical  poly  mors  bo  iisod  lor  friction-reduction  applications  ’  <  *»<  an 
friction-reduction  moasiiromonls  bo  usod  to  tpianlilalo  and  ohaiaotori/o  biolopk.il 
poly  mors’ 

KvmiIIs 

Many  seaweeds.  microscopic-  alpao.  and  baoloria  vvoro  Ion  ml  to  produce  friction- 
roduoinp  malorials  into  ilioir  oulturo  mod  mm  All  vvalor  samples  tested  from  inland 
and  marine  sources  pained  friction-reduction  ibilily  when  enriched  with  stipar.  as  a 
consequence  ol  polysaccharide  synthesis  by  bacteria  Hiolopical  polymers,  therefore, 
aro  the  probable  cause  of  the  unexplainable  variations  in  hydrody  namic  test  facilities, 
liactcrial  polysaccharides  wore  more  effective  than  seaweed  extract  at  low  concen¬ 
trations  for  friction  reduction,  but  both  were  much  less  effective  than  synthetic  poly¬ 
mers.  t  urbulent-flow  frictional  measurements  were  tomul  to  be  sensitive  lor  detec¬ 
tion.  measurement,  and  partial  characterization  of  lonp-chain  polymers. 

Recommendations 

Water  in  hy  drodynamic  test  facilities  should  be  maintained  free  from  alpal 
blooms  and  orpanic  contaminants  in  order  to  prevent  Iriction-reducinp  poly  liter  pro¬ 
duction  by  alpae  and  bacteria.  Seaweed  extracts  and  alpal  and  bacterial  poly  sac¬ 
charides  could  be  used  in  friction-reduction  applications:  however  sy  nthetic  poly¬ 
mers  are  penerally  much  more  effective  and  less  expensive.  I  he  friction-reduction 
technique  is  a  rapid  and  effective  procedure  for  the  detection  and  quantification  of 
lonp-chain  polymers,  and  further  uses  in  polymer  chemistry  and  molecular  biolopy 
should  be  explored. 
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INTRODUCTION 

Dr;^  reduction.  friction  reduction,  or  the  loins  cited  .ue  tenns  u>cil  to  dc- 
scribe  the  (low  situation  when  high  polymers  are  present  in  llowiny  liquids  tRel.  I . 

2.  .1.  and  4).  Iliysli  polymers  decrease  the  turbulence  intensity .  and  theietore  allow 
the  liquid  to  flow  with  less  resistance.  In  many  instances,  only  a  tew  parts  per  mil 
lion  of  polymer  is  needed  in  order  to  reduce  the  Iriction  by  50  to  <»<)  or  more 
Hius  numerous  engineering!  applications  seem  possible  I  Itese  include  increased  flow 
rates  m  pumping  applications  and  increased  speeds  or  decreased  power  requirements 
for  a  IhkIv  traveling  through  water. 

Unexplainable  v  •nations  in  the  tiirhulciiMlow  properties  of  water  in  hydro- 
dy  namic  lest  facilities  and  ocean  waters  have  perplexed  hydrodynamacists  tor  many 
y  ears.  Newton  ( Ref.  5)  discussed  fluctuations  in  lowing  tanks  and  presented  data 
obtained  between  ’JHX7  and  l«M»5  from  the  llaslar  tow  my  tank  in  I  nyland  I  lie 
same  towing  test  model  was  used  duriny  this  period  with  a  maximum  fluctuation  ol 
I4S  decrease  in  friction  measured  from  the  oriyinal  value,  f  luctuations  in  water  Iric¬ 
tion  were  also  shown  lor  the  I'ort  Steyne  towiny  tank.  I  nyland  I  Ref.  hi.  Other  re¬ 
ports  have  cited  instances  where  a  ship  would  have  different  power  requirements  at 
different  times,  or  where  sister  ships  would  perform  differently  duriny  trials.  As 
demonstrated  in  this  report,  these  anomalies  can  now  be  explained  in  terms  ot  the 
dray-reduction  phenomenon,  and  can  be  attributed  to  dissolved  lony-chain  poly  sac¬ 
charides  exuded  by  alyae  and  bacteria. 

Alter  the  discovery  that  microbial  polymers  are  effective  in  the  reduction  ol 
turbulent-flow  friction,  a  search  was  beyun  for  alyal  and  bacterial  polymers  which 
may  be  suitable  for  friction-reduction  applications.  I  he  only  lony-chain  bioloyical 
polymers  which  can  he  produced  cheaply  and  in  larye  quantities  are  the  polysac¬ 
charides.  and  these  were  therefore  studied  in  detail. 

I  he  turbulent-flow  rheometer,  a  miniature  pipe-flow  apparatus,  was  used  for 
friction-reduction  tests.  Its  function  is  discussed  in  the  following  section,  and  its 
uses  as  an  analytical  tool  are  elucidated  in  the  Appendix.  1  he  next  section  deals 
with  friction  reduction  by  seaweeds,  phytoplankton,  and  bacteria,  and  suggests  how 
these  biological  polymers  might  affect  hydrodynamic  testing.  And  finally,  there  is 
a  discussion  of  the  possible  engineering  applications  of  friction-reducing  biological 
polymers  and  the  limitations  of  these  polymers  for  such  applications. 
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I  lie  tmhiilcnl  llow  rheometer.  an  instrument  developed  at  Ilk*  Naval  Undersea 
Research  .iihI  Development  (  enter  t\UO.  has  proven  valuable  lor  many  appliealions 
in  li\  ilioilv  n.miie  testing.  poly  mer  chemistry.  anil  biological  research  ll  was  used  to 
me.iMiie  I  lie  friction-reduction  ability  of  algal  anil  baelerial  cultures,  purilieil  poly¬ 
mers  ami  watei  fiom  test  facilities  Hie  use  ol‘  the  turbulent-now  rheometer  as  an 
analvtii.il  tool  is  discussed  m  the  Appendix 

Since  the  tuihulenl  llow  rheometer  was  a  key  ei|uipmenl  item  m  obtaining  the 
results  described  hi  this  report,  a  brief  description  of  the  instrument  and  its  principle 
of  operation  is  included  here.  All  other  experimental  details  as.  for  example,  to 
media  and  incubation  teelmit|iies  may  be  found  in  the  publications  listed  as  relcr* 
cnees 

I  igurc  I  is  a  schematic  diagram  of  the  turbulent-llow  rheometer.  In  essence  the 
apparatus  consists  of  a  motor-driven  syringe  that  forces  the  test  solution  through  a 
small  pipe,  of  diameter  it.  at  a  given  velocity.  I*,  such  that,  with  t)  the  kinematic  vis¬ 
cosity.  the  Reynolds  number  He  ~  I  it  r/  is  completely  in  the  turbulent  reginu.  The 
Reynolds  number  in  the  NU(  tests  was  maintained  at  I4.(MM).  The  percent  of 


I  itmrc  I.  Schematic  of  turbulent-flow  rheometer.  The 
esperimental  measurement  consists  of  recording  differential 
pressure  at  the  points  marked  "pressure  laps.” 


friction  reduction  was  ile terminal  In  measuring  the  ditlcrcntial  pressure.  A/\  at 
two  points  alonj;  the  pipe,  first  lor  the  test  solution  anil  then  lor  the  solvent 
< water  or  culture  medial.  Then 

Percent  friction  reduction  ~  lOOtl  A/'/  A/\l 

where  A/',  is  the  differential  pressure  measured  with  the  test  solution  and  A/* 
is  that  pressure  measured  under  the  same  conditions  with  the  solvent.  I  \pui- 
meutally  it  is  known  that  at  the  Reynolds  number  of  the  instrument  a  maximum 
friction  reduction  of  to  70'.'  can  he  obtained  t  At  higher  Reynolds  numbers, 
higher  friction  reductions  are  possible  !  thus  in  the  use  ol  the  instrument  it  is 
occasionally  necessary  to  dilute  a  test  solution  by  factors  of  10  or  more  in  order 
to  demonstrate,  as  in  bacterial  cultures,  the  continual  production  of  drag-reducing 
polymer  Otherwise  the  polymer  would  accumulate  in  such  a  quantity  that  a 
maximum  dray-reducing  measurement  could  not  be  obtained. 

finally,  it  is  possible  to  repeat  the  turbulent-flow  rheometer  measurement 
over  and  over  ("multiple  passes’* I.  Repeated  measurements  induce  repeated  me¬ 
chanical  shear  on  the  macronioleculcs  in  solution,  breaking  a  certain  proportion 
of  the  polymer  chains  and  reducing  the  average  molecular  weiyht.  I  he  friction- 
rcduciny  effect  is  then  diminished  as  a  function  of  the  number  o!  passes  through 
the  instrument.  Ihe  rate  of  diminished  friction  reduction  is  dependent,  however, 
on  the  type  of  polymer  present,  since  some  molecules  are  much  more  resistant  to 
scission  than  others. 


FRICTION  REDUCTION  BY  BIOLOGICAL  POLYMI  RS 

the  ability  of  seaweeds,  phytoplankton,  and  bacteria  to  produce  measuiable 
quantities  of  frietion-reduciny  materials  has  scvcial  implications.  Oik  «»l  the  more 
important  of  these  implications  is  that  bioloyical  polymers  present  in  hydrody¬ 
namic  test  facilities  may  alter  the  frictional  properties  of  the  water.  A  bask 
understandiny  of  organisms  capable  of  producing  Iriction-reduciny  polymers  ix 
therefore  essential 


Seaweeds 

Seaweeds  were  examined  for  friction-reducing  capabilities  by  using  hot  water 
to  extraet  polymer  from  intertidal  specimens  and  by  testing  commercially  available 
seaweed  derivations  ( Ref.  3  and  7 1.  I  able  I  shows  the  results  obtained  from  inter¬ 
tidal  seaweed  extracts.  Many  specimens  were  found  to  possess  extractable  poly  liters 
which  reduced  turbulent  friction  up  to  <»()'<’.  I  xperimentally  it  has  been  shown  that 
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I  aide  I.  I  ik ti»m  leduelion  of  extracts  from  intertidal  collections  (I  gram  dry  weight 

seaweed  per  100-ml  water). 


( lemis 


I  oention'1 


Month 


I  rietion  reduction.  '"< 


In  distilled 
water 


In  seawater 


( Alt  hlorophs  ta 


/  luthn\ 

1  roinlheim.  Norway 

June 

5-20 

5-20 

I  lui 

(  orona  del  Mar 

Nos 

0-5 

0-5 

1  lui 

Pacific  tiros e 

Pels 

20-40 

not  tested 

l  lui 

I'aeitle  Grose 

Aug 

5-10 

20-40 

1  lui 

Paeille  (iiove 

Aug 

20-40 

5-20 

l  h 

It. union.  Oreg. 

Aug 

5-20 

0-5 

t  h  <; 

1  t.  Bragg 

Aug 

5-20 

0-5 

/  h  </ 

Mediterranean 

Jan 

5-20 

0-5 

1  lui 

1  neinitas 

July 

0-5 

0-5 

1  lui 

1  neinitas 

May 

20-40 

0-5 

l  lui 

Asilomar 

Aug 

40-60 

40-60 

l  hit 

laguna 

June 

40-60 

20-40 

1  ah  rontori’lid 

1  roinlheim.  Norway 

June 

5-20 

5-20 

l.nh  romtH'i'lm 

1  roinlheim.  Norway 

June 

5-20 

20-40 

1  HltTO'HttrplM 

Trondheim.  Norway 

June 

5-20 

0-5 

1  ntt  romor/ilia 

Bergen.  Norway 

June 

5-20 

5-20 

lnttr<»>u>iphii 

1  neinitas 

May 

0-5 

0-5 

( 'hui  toniorplid 

laguna 

July 

0-5 

0-5 

(  hill  <i >h uru 

Paeille  Grose 

lets 

0-5 

not  tested 

{'Idiluphorj 

Paeille  Grose 

Aug 

5-20 

5-20 

i'lihliiplliitj 

Morn*  Bay 

Aug 

0-5 

5-20 

( itiili  rp,i 

Mediterranean 

Dee 

5-20 

20-40 

(B)  Phaeophyta 


/».<  Until 

Cahrillo 

Jan 

0-5 

5-20 

llu: 

lt.iinl on.  Oreg 

Aug 

40-60 

40-60 

llm 

B.iiulon.  Oreg. 

Aug 

20-40 

20-40 

1  d'HWjrtj 

1  neinitas 

July 

0-5 

0-5 

Mdi  r,n  i  s/l s 

(  arpenteria 

Sept 

0-5 

5-20 

We.  r.H  i  sfis 

1 aguna 

July 

0-5 

0-5 

/•.m.  h i>i 

1  t  Bragg 

Aug 

20-40 

5-20 

1  en  eu 

(  aluillo 

Jan 

0-5 

0-5 

1  Hr,  Kid 

t'aBrillo 

Dec 

0-5 

not  tested 

Is.  u’llnlliiiii 

Kse.  N  il 

Apr 

5-20 

5-20 

I  'll l  ,1  s 

Portland.  1  ngland 

July 

5-20 

5-20 

1  III  !l\ 

Bergen.  Norssas 

June 

20-40 

5-20 

1  in  iu 

Bergen.  Norssas 

June 

5-20 

20-40 

1  in  in 

Kse.  N  il. 

Apr 

5-20 

5-20 

1  a,  in 

Cones  Island.  N.Y. 

Jan 

0-5 

0-5 

1  in  in 

Kilters .  Maine 

July 

0-5 

0-5 

Ih  s/i.  ropin',  in 

lacuna 

Get 

20-40 

20-40 

//.»/•  n>/i/i  i  cm 

San  Clemente  Is. 

Aug 

0-5 

5-20 

l*i  1 1 .  thi 

San  Clemente  Is. 

Aug 

0-5 

0-5 

/’.  h  i  Hii 

1 aeuna 

June 

5-20 

0-5 

eontd 
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I  jl'lt'  t  (  I'lllll 


I  Ik  tloll  Itllllt  |k*«l. 


( ieniix 

1  in  .iiioir* 

Moiitli 

III  »li» tilled 

sc  at.  i 

In  k  j»  atei 

<1(1  I'lljCOI'll)  t J  <.••Ul.ll 

Pclrciia 

1'j.lli.  Clove 

Viy 

'n.4ti 

Pclwtintnis 

1  t  Ituyy 

V‘»r 

>  4o 

2n-Jo 

Irinidad 

Viy 

Jo. I  II 

to. «. ii 

Cy\ln\,iru 

San  Clemente  Is. 

\«y 

H.< 

n-« 

(Cl  Klio.li 

pits  la 

Porphyra 

1  1  Klayy 

\uy 

Jll-I.o 

Jo.r.o 

I'ur/ilnra 

Mono  Has 

Viy 

.'Il-Jo 

Jo-io 

Porphvra 

I’j.iti.  ( »<o\  .• 

A  tie 

;<i.jo 

20-40 

Porphyra 

Lapina 

luls 

*ll-tO 

20-40 

1‘orpli  \ra 

Lapina 

lids 

5-2(1 

5-M 

Porphyra 

Lapina 

Aue 

4(1. (.<1 

5-20 

lit  mi  cl  la 

l.ncinitas 

Ma> 

0-5 

t»-5 

litnsiclla 

Cabrillo 

tall 

5-M 

o-5 

C<  trail  ina 

Lncinitas 

July 

o-5 

o-5 

Coral  1  ina 

Cabrillo 

tali 

Jo.r.o 

o  4 

Corallina 

Cabrillo 

1  cb 

SO 

o- 

Corallina 

Pacific  (iro\c 

leb 

5-2n 

not  leoej 

l.itlirothrix 

Cabrillo 

Mar 

5-m 

not  t.  etc  1 

Cralclupia 

Morn*  Has 

Any 

Jim  o 

20-40 

Vrimitis 

Cabrillo 

tall 

5-2*» 

20-Ji* 

1‘rionitis 

Cabnllo 

Do. 

2'i-Jo 

5-2o 

Prioniih 

Cabrillo 

Dec 

o-5 

o-5 

I'lixaniium 

Cabrillo 

iKv 

0-5 

0-4 

I'lmamiiiiii 

Lapina 

lime 

20-40 

5-:o 

(lymnoyoiiynn 

Cabrillo 

Jan 

JO-I.O 

20-40 

(lyinnoKnityr,* 

Cabrillo 

D.s 

20-40 

40-1.0 

Stciioyrannna 

Lapina 

tills 

JII-I.O 

20-40 

Slcnnyrannna 

I'acilic  drove 

Aup 

2o-4o 

40-1.0 

< Hyartina 

•  •  •  • 

20-40 

20-4  i 

llalnsaccion 

I  t.  Iltayy 

Any 

20-40 

4-20 

Rluklyniciw 

Lake  Dark  Harbor.  S'  H 

•  •  •  • 

20-Jo 

0-4 

Rliikiytncnia 

Trinidad 

Any 

20-40 

40.1.0 

Ctillilliaiiniion 

La|!una 

Any 

5-20 

ii- 5 

a  All  locations  are  in  California  except  as  otlieisxise  noted. 

*'  Tssenty-tsso  samples  ssrie  cnllivlnl  from  various  points  in  (  alilornta  ami  then  per 
coni  of  friction  reduction  was  ;o erased 


polymers  having  molecular  weights  above  5().(KH)  must  be  present  to  produce  this 
effect  (Kef.  5).  friction-reduction  ability  varies  considerably  within  each  genus. 

Of  the  95  intertidal  samples  collected,  over  X()'»  produced  substanti.il  trietion 
reduction  when  extracted  in  either  distilled  water  or  seawater.  I  he  red  seaweeds 


5 


were  especially  prominent  in  (his  regard:  over  ‘MT;  of  the  red  algal  showed  pro¬ 
nounced  trietion  reduetion  In  fact,  over  hall  of  the  Khodophyta  samples  showed 
Inchon  reduc lion  alnne  40 

Results  tor  0.1  solutions  ol  seaweeil  derivations  are  shown  in  Table  2,  and 
friction-reduction  effectiveness  of  lour  extracts  as  a  function  of  concentration  is 
illustrated  in  I  ig.  2.  These  polysaccharides  can  reduce  friction  more  than  50 /r  at 
increased  concentrations.  Nevertheless,  much  greater  concentrations  are  required 
lor  seaweeil  polysaccharides  than  for  many  other  polysaccharides  to  produce  the 
same  friction-reduction  effectiveness. 


I  aide  2  I  action  reduction  of  0.1'  solution  of  seaweed  derivatives. 


Name 

1  \  pv 

Source 

trietion 

reduction. 

l  'ariapeen.m 

Si'.i  kem  7 

Marine  Colloids.  Inc. 

46.0 

Carrageenan 

(ielcarin  1 1  \V( ! 

Marine  Colloids.  Inc. 

51.0 

('ak  imii  carrageenan 

(ielcarin  IIMR 

Marine  Colloids.  Inc. 

5 1 .5 

Sodium  carrageenan 

Viscarin  271206 

Marine  Colloids.  Inc. 

62.0 

1  amlula  carrageenan 

Viscarin  402 

Marine  Colloids.  Inc. 

53.0 

Carrageenan 

Stahiloid  15 

Stein.  Hall  Co..  Inc. 

57.0 

Carrageenan 

St  ami’ rc  NK 

Meer  Corp. 

58.0 

Carrageenan 

Ik-1  V-CI* 

Hurtonite  Co..  Inc. 

60.0 

1  ucheuma  cottonii 

Kl  1  A  5166 

Marine  Colloids.  Inc. 

29.5 

Agardhiella 

Klil. A  5167 

Marine  Colloids.  Inc. 

59.5 

1  ucheuma  spinosum 

(icliarin  SI  672106 

Marine  Colloids.  Inc. 

32.0 

1  urcellaran 

Series  No.  44A 

Hurtonite  Co..  Inc. 

46.5 

2  odium  alginate 

Norwegian  Inst. 
Seaweed  Res. 

61.5 

Phytoplankton 


l*h\  toplankton  cultures  were  effective  in  friction-reduction  ability  when  grown 
in  defined  medium  or  soil  extract  medium  (Ref.  7  and  8).  Table  3  shows  that  repre¬ 
sentatives  of  many  major  phytoplankton  groups  could  be  found  which  excrete 
friction-reducing  materials  into  their  culture  media.  These  algae  were  found  by  trial 
and  error:  closely  related  species  often  did  not  produce  friction-reducing  materials. 
Tor  example,  among  the  diatoms.  Chactoccros  didymus  and  C  a f fill  is  were  definitely 
friction-reducing  while  ( .  pclayicus.  C  lorcnzianiis ,  C  comprcssus,  and  C.  decipicns 
exhibited  only  traces  of  reduction  or  no  reduction  at  all.  In  some  species  (for  ex¬ 


ample.  Prorni  cntrnm  micaits)  the  friction-reduction  materials  were  found  to  be  most 


pronounced  as  the  cultures  approached  senescence.  In  other  species,  such  as 
( liih  toi  cms.  the  extracellular  materials  production  accompanied  exponential  growth. 
In  I'orphyridiiim  the  extracellular  friction-reduction  material  was  secreted  copiously 
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0  200  400  600  800  1000 

Concentration,  mg/I 


□  Ayardhiella  extract 
O  Calcium  carrageenan 
(from  chrondrus) 

X  Furcellaran 

A  Eucheuma  cottonii  extract 


figure  2.  Typical  drag-reduction  curves  obtained 
with  solutions  of  commercial  seaweed  extracts. 


Table  3.  Friction  reduction  of  phytoplankton  cultures. 


Organism 


friction 

reduction.11 


Chlorophyta 

Chlorclla  stigmataphora .  LU  993  40-60 

Bacillariophyta 

Chactoccros  didymus  20-40 

Chactoccros  a!) inis  5-20 

I’yrrophyta 

Pxuviclla  cassubica  5-20 

ProriKcnlnini  m icons.  LU  1003  5-20 

Khodophyta 

Porphyridiwn  cnicntuin.  161  40-60 

Porphyridium  sp.  (Lew in).  637  40-60 


a  Average  of  over  25  cultures  extending  over  at  least 

I  year. 


from  the  time  the  culture  was  inoculated  (l  ift.  3).  A  culture 
(7  lien  huh .  stored  in  the  relrigerator  tor  over  a  yeat.  retained 
value  of  bO' 


of  Porpliyriilium 
a  friction-reduction 


|  tgurc  3.  Drai!  reduction  obtained  with  cultures 
ol  I'orphyriJium  sp 


Bacteria 

Several  pure  bacterial  cultures  were  grown  in  a  nutrient  medium  containing 
protein  hydrolysates,  yeast  extract,  sugars,  and  glycerol  to  show  that  extracellular 
polymers' 'produced  by  bacteria  could  change  the  friction.  Friction  reduction  was 
measured  during  the  growth  cycle.  Bacterial  growth  was  measured  by  the  optical 
density  of  the  culture.  Three  different  trends  were  noted. 

I'sanloinonas  sp.  (Fig.  4)  exhibited  a  continuous  increase  in  friction  reduction 
during  the  logarithmic  growth  phase  with  no  further  increase  during  subsequent 
growth  The  culture  of  lim  illus  sp.  (Fig.  5)  showed  an  increase  in  friction-reduction 
ability  to  the  start  of  the  stationary  growth  phase,  after  which  a  substantial  decrease 
look  place,  friction  reduction  for  Xcisscria  sp.  increased  many  hours  alter  the 
start  ol  the  logarithmic  growth  phase  (Fig.  (>).  By  diluting  the  bacterial  culture 
I  |()  with  additional  media  it  was  possible  to  show,  as  in  Fig.  6.  that  polymer  pro¬ 
duct  urn  continued  well  after  the  logarithmic  growth  phase.  The  above  results  illus¬ 
trate  that  friction  reducing  extracellular  polysaccharide  synthesis  and  degradation 
(veins  m  bacteria.  Fob  mer  production  is  variable  during  the  growth  cycle  accord¬ 
ing  to  species  (  Kel .  ‘M. 
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l  i>!uro  6.  Dtuj:  rcduclion  In  Xcisuria  species 
in  relation  to  growth. 


Drag-reducing  polymer  can  be  produced  by  psychrophilic  (optimum  growth 
temperature  below  2(>0O.  mesophilic  (optimum  between  20°C  and  45°C).  and 
thermophilic  (optimum  above  450O  bacteria.  The  marine  psychrophile.  20-IMT)- 
2.  an  encapsulated  gram-negative  rod  isolated  Irom  Antarctic  waters,  had  a  growth 
optimum  of  1 5°C  and  a  maximal  temperature  for  growth  of  35°C*  (Fig.  7).  I  he 
optimum  temperature  for  drag-reducing  polymer  production  of  the  culture  was 
also  I  >°<  .  I  ibrio  marinus  MI’-I .  a  marine  psychrophilic  bacterium  with  an  opti¬ 
mum  growth  temperature  of  I5°C  and  a  maximal  growth  temperature  of  20°(\ 
exhibited  no  drag  reduction  at  I  5°C  until  10  days,  after  which  drag  reduction  in¬ 
creased  to  above  5 0'  < . 

Mesophile  isolates  IM  -3  and  SLJ-I  had  growth  and  drag  reduction  optima  of 
approximately  M)°C  (I  ig.  8  and  *)).  The  thermophilic  fresh  water  bacterium. 

/bn  Ulus  stciirntlurmophilus.  with  a  growth  optimum  of  60°C  and  a  minimal  growth 
temperature  of  40  C.  produced  drag  reductions  greater  than  1 5%  after  48  hours 
when  grown  in  broth.  These  studies  demonstrate  that  drag-reducing  polymers  can 
be  produced  from  bacteria  and  can  exist  in  aqueous  psychrophilic.  mesophilic.  and 
thermophilic  environments  ( Kef.  10). 
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0  f  ID  til  B  »  31.  40 

Temperature,  C 


I  ipn ro  (itxwtli  .uni  itr.ij;  reduction  In  cultures  ot  marine  h.iclerium 
SI  J  I  .it lei  14  liours.it  various  prow  lit  temperatures. 


BIOLOGIC  AL  POLYMERS  AFFECTING 
IIY  OKODYNAMIC  TESTING 

In  view  of*  the  desirability  of  maintaining  constant  test  conditions  in  hydro¬ 
dynamic  tost  facilities,  it  is  important  to  reali/e  the  potential  of  algae  and  bacteria 
m  the  alteration  of  turbulent  water  friction.  Cases  of  reduced  friction  in  towing 
tanks  have  been  reported  (  Kef.  5  and  (>).  Although  friction-reduction  anomalies 
ha\c  not  been  detected  in  water  samples  taken  directly  from  testing  facilities.  man> 
algae  and  bacteria  with  the  ability  to  synthesize  friction-reducing  polymers  have 
been  isolated  from  these  water  samples  (Ref.  7.  S.  l>.  10.  1 1.  and  12).  Under  labo¬ 
ratory  conditions  algae  and  bacteria  may  reduce  frictional  properties  of  their  medium 
In  moie  than  50'  I  o  preclude  the  occurrence  of  altered  frictional  properties  in 
test  lacililies.  algal  blooms  should  be  prevented. 
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Table  4  shows  several  algae  isolated  from  4  test  facilities,  and  Table  5  lists 
bacterial  isolates  from  I  I  facilities,  all  organisms  being  effective  drag  reducers. 


Table  4. 

Alp.ie  isolated  from  lest  facilities. 

1  ocilily 

I'redomin.int  ulpae  present 

Maximum  dray: 
reduetion 

Ship  low  t;ink, 

National  1‘liysieal  Laboratory. 

1  dill. nil  1  upland 

lliipht  yireen.  spheris at 

(  llltiKH  lift  till!  llltlHIl  nil! 

(-().! 

low  tank. 

H.tssin  il'l  wais  ties  Carenes. 

Paris.  1  ranee 

<  ireen.  spherical.  7. 5*<  ili.nn. 
(unknown  i. 

X't/i  /<  nla  imllia: 

\nki\lniilt  \miis  sp 

S.3 

I'nderw.itet  t  ablest  ay.  Morris  Dam. 
Nl'(  lest  1  .k titty, 

A/nsa.  ( 'alii 

(ireen.  elhptis.il 
,|tf«  rm  m  ( ti\.  ,S'\  iiolra 

35  S 

I  ranssliiser  ealibration  futility, 
l  ake  (iem  Mary.  I’nderssaler  Soinul 
Reference  Diskion.  Naval  Rescan  li 

1  .aboralory .  Orlando.  1  la. 

( ireen.  spins 

(in h  nkinu.  preen.  \u  slum 
(unknown i 

4l.(. 

As  will  be  discussed  in  the  next  section,  bacteria  which  can  synthesi/e  friction- 
reducing  polymers  are  present  in  natural  waters  when  sufficient  organic  con¬ 
tamination  exists.  It  is  therefore  recommended  that  sanitary  conditions  be  main¬ 
tained  in  test  facilities  so  as  to  avoid  contamination  by  organic  material.  As  a 
final  check  in  precise  hydrodynamic  testing,  a  water  sample  should  be  tested  by 
a  sensitive  turbulent-flow  rheometer  to  detect  possible  variations  in  frictional 
properties  and.  if  necessary,  corrections  should  then  be  made. 


'table  5.  I>rupli'duslllp  I<.lih'lij  t (XIII  li\  diods  nalllis  tot  t.u  llltls  ' 


Colony 


1  as  ilit\ 

Isolate 

Morpliolops  •• 

ssUl'I'ts'lls  s '' 

t  upside1 

1  l|JL' 

designation 

1  das 

5  das  s 

redus  lion1' 

Rntathip-hcatn  eliaiinel. 

RIM  ARI  1 

tosl 

NIU 

1’ 

<  2 

Admiralty  Reseats  b 

RIM  ARI  •: 

lod 

Mlt 

Mlt 

i: 

1  aboralory . 

Icddinplou.  I  upland 

RIM-ARI  3 

tod 

1* 

I* 

♦ 

4U 

Ship  toss  tank. 

NPI.S-I 

rod 

Nl 

M 

♦ 

14 

National  I’lts  sisal 

NI'IS-3 

rod 

Mlt 

Mlt 

♦ 

5S 

1  aboralory. 

1  eltliam.  1  upland 

NPI.W-4 

eiHViis 

1* 

1* 

♦ 

•» 

sontsl 

Tii hi i*  5.  Contd 


Colony 


1  ucilily 

Isolate 

designation 

Morphology a 

consistency*' 

Capsule1' 

Drag 

reduction.1*  '/< 

1  day 

5  day  s 

( i.ulielil  1  hornu* 

C.WI-A 

roil 

M 

M 

16 

water  tunnel. 

Slate  l  ollcgc  1’a. 

(iW  D-D 

roil 

II 

R 

8 

1  low  tunnel. 

i  si  :u 

roil 

1* 

M 

+ 

50 

N.oal  l  mlerwatei 

Souml  1  jhoratoty . 

New  I  oniton.  Conn. 

l  SI. -5 

roil 

MR 

MR 

+ 

5 

Mam  lowing  ba*in. 

DIM  It-? 

rod 

1* 

I* 

+ 

50 

Naval  Ship  Ue*eareh 
ami  Development 

Center.  Cardcro*  k  Mil. 

DIM  IJ-4 

rod 

Mil 

MR 

31 

low  tank* 

sn -2  it 

rod 

MR 

II 

♦ 

46 

Steven*  Institute  ot 

si  i  3-2 

roil 

MR 

MR 

♦ 

56 

technology . 

Hoboken.  N..I. 

SI  1 3-3 

rod 

M 

l» 

♦ 

14 

Water  tunnel. 

36  i  -2 

COCCUS 

MR 

MR 

♦ 

7 

Naval  Ship  Research 

3M-3 

COCCUS 

M 

M 

♦ 

52 

ami  Development 

Center. Canlcroek  Mil. 

36  1  1* 

hhI 

MR 

1* 

♦ 

57 

1  r.msiluccr  calibration 

m;mo 

rml 

M 

M 

♦ 

47 

facility .  l  ake  (Icin  Mary . 

k;\i-4 

rod 

M 

P 

♦ 

38 

1  mlcr water  Souml 
Reference  Division. 

Naval  Research 

1  ahoiatorv . 

Orlando.  1  la 

ii;m-5 

rod 

H 

P 

29 

low  tank 

i*i  i  i 

rod 

H 

MR 

♦ 

8 

Itassm  il  l  ssai*  vie* 

m3 

rml 

MB 

MR 

♦ 

II 

Carene*.  I’ari*  1  ranee 

PI  1  5 

COCCUS 

MR 

P 

♦ 

52 

Open  vvaier  tunnel. 

mi 

rod 

M 

M 

♦ 

32 

(  ulil'oinia  Institute  of 
technology . 

Pasadena.  ( 'alii 

CM -2 

rod 

MR 

MR 

25 

1  mlerwatei  cableway . 

MDI  S  I 

rml 

M 

M 

♦ 

30 

Morris  Dam  M  (  lest 

MDW-4 

rml 

M 

MR 

8 

I  .11  ilit)  Vina.  (  alii 

•'  Ml  isolate*  won-  gram  negative. 

M-iuom;  It -I’u t tors .  Mil-intermediate  between  moixt  ami  buttery;  I'-piln itmis  (manifested  by  colony 
sinking  to  mosulatmg  loop,  pmiiucing  a  slting-likc  e*  tension). 

1  <  upside*  wen-  discerned  Irom  agar-grown  colonic*  alter  III  day*  hy  indirect  staining. 

'*  Maximum  lira-:  icdm  lion  measured  in  ImHli  culture*  up  to  5  day*. 
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ENGINEERING  APPLICATIONS  OF 
FRICTION  REDUCTION 


The  use  of  algal  polysaccharides  for  engineering  applications  of  friction  reduc¬ 
tion  does  not  appear  promising  due  to  the  relative  high  concentrations  needed  to 
produce  good  reductions  (see  Table  2  and  Tig.  2).  I  he  bacterial  polysaccharides  are 
more  promising  than  seaweed  extracts,  but  still  much  less  effective  than  synthetic 
polymers.  Figure  10  compares  four  effective  bacterial  polysaccharides:  the  plant- 
derived  polysaccharide,  guar  gum:  and  two  effective  synthetic  polymers.  poly( ethvle 
oxide)  and  polyacrylamide.  The  synthetic  polymers  are  much  more  effective  than 
the  polysaccharides,  thus  making  the  use  of  the  latter  questionable.  A  study  of  the 
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stability  ol  bacterial  polysaccharides.  however,  showed  possible  applications  under 
conditions  ol  high  turbulent  llow  exposure.  After  prolonged  exposure  to  turbulent 
flow  a  40-ppm  solution  of  Xunthnnionas  cumpcstris  (a  bacterial  polysaccharide)  was 
as  effective  as  polytcthx  lene  oxide),  which  degraded  substantially  (big.  1  I).  How- 
cur.  the  same  bacterial  polysaccharide  was  much  less  effective  than  the  same  con¬ 
centration  of  polyacrx  (amide  after  prolonged  shearing.  Xanthomonas  compcstris , 
with  its  high  stability  after  prolonged  exposure  to  turbulent  llow  may  serve  as  a 
suspending  medium  in  oil-well-drilling  applications,  and  may  be  useful  for  special¬ 
ized  friction-reduction  applications  ( Kef.  13  and  14). 

When  partialis  purified  bacterial  polysaccharides  are  prepared  from  broth  cul¬ 
tures  for  evaluation  as  friction  reducers,  it  is  desirable  to  have  the  highest  polymer 
concentration  possible.  During  several  attempts  at  polysaccharide  production  the 
culture  medium  became  acidic  with  no  measurable  drag  reduction.  The  addition  of 
sodium  bicarbonate,  which  raised  the  pH  of  the  medium  to  about  8.  often  initiated 
drag-reducing  poh  liter  synthesis.  Two  freshwater  isolates  and  one  soil  isolate  were 
investigated  for  effects  of  pll  on  the  production  of  bacterial  extracellular  drag- 
reducing  polymers  (Kef.  15).  Figures  12  and  13  show  that  acidic  conditions  inhibit 
pol\  mer  production  by  two  isolates,  while  acidic  conditions  permitted  polymer 
synthesis  by  another  (Fig.  14). 

Buffering  is  recommended  to  prevent  acidification  of  the  culture  medium. 

I'he  addition  of  buffers  to  maintain  the  pH  of  the  growth  medium  above  7  is  de¬ 
sirable  in  the  isolation  and  screening  of  bacteria  as  possible  sources  of  drag-reducing 
polymers.  This  addition  will  prevent  possible  inhibition  of  friction-reducing  poly¬ 
mer  s\  nthesis  which  may  occur  under  acidic  conditions. 


l'lie  possibility  of  an  in-situ  technique  for  lessening  the  turbulent  flow  fric¬ 
tional  properties  of  water  became  apparent  during  water-sugar  enrichment  studies. 

It  was  found  that  all  water  samples  tested,  from  inland,  ocean,  and  tap  water  sources, 
exhibited  friction  reduction  after  sugar  enrichment.  Apparently  bacteria  were  pres¬ 
ent  that  were  capable  of  synthesizing  drag-reducing  polymers  from  added  sugars. 
Table  b  lists  the  percent  of  drag  reduction  for  sugar-enriched  water  samples  after 
50  days.  All  water  sources  tested  yielded  reductions  in  frictional  properties  after 
50  days,  ranging  from  8r?  to  58'/?.  Unfortunately,  after  18  months  several  of  the 
samples  lost  their  friction-reduction  properties,  indicating  the  unreliability  of  the 
technique  over  extended  periods.  Then,  too,  friction  reductions  for  several  samples 
were  only  about  10'?  at  30  days,  which  is  too  low  to  be  very  useful. 


Figure  1 5  shows  the  results  for  sucrose  enrichment  of  5  gallons  of  tap  water 
with  and  without  the  addition  of  1  gram  of  garde*’  soil.  Friction  reduction  ability 
for  tap  water  w  ithout  soil  continued  to  increase  steadily  and  reached  43%  friction 
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Synthetic  polymers 
•  polylethylene  oxide) 

O  polyacrylamide 
Polysaccharides 
O  Xanthomonas  campestris 
0  guar  gum 


Pass  number 


lipure  1 1 .  Drap-reduetinn  (ffiviiti-ncNs  <*t  bacterial  (>«»!>  sacchatidc.  puat  pum 
ami  synthetic  polymers  during  icpcalcd  passes  throuph  the  tuthulcnt-llnu 
rheometer. 
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figure  14.  Drag  reduction  In  soil  isolate  IIS-1  in  relation 
to  culm  re  age  under  alkaline  and  acidic  eonditions.  Moth 
cultures  were  tested  directly  at  various  times  for  drag  re¬ 
duction,  pH.  and  growth.  Growth  (not  shown)  at  both  pll 
values  was  similar. 


Time,  days 


f  igure  15.  Drag-reduction  effectiveness  of  5'-'  sucrose- 
enriched  tap  water. 
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I al'lo  (>.  |)i;ii!  roilin' l u >n  In  Mig.ir-cnrii’lwil  n.itunil  'valors. 


Souroo 


IV  non  t 

drag  roiluolimr1 


W  alilon  I’ninl  M ass . 

Klontoliio  l  rook.  Orog.  . 

I  ako  C.om  Man  .  Orlando.  I  la . 

San  Ual'riol  Kivoi.  Calif . 

Own  lloail  Springs.  Doalli  \  alios .  Calit . 

Saratoga  Springs.  Doalli  Valloy.  Calil . 

( )oo.iii  ssalor  noar  Catalina.  Calil . 

I  ako  Arrosslio.nl.  Calif.  . 

Warm  Springs  Crook.  Orog .  . 

Coffinborry  l  ako.  Orog . 

/. ig  Zag  Kisor.  Orog . 

Cullahs  l.ako.Oiog . 

Santiain  Kisor.  Orog . 

Noaooxio  I  ako.  Orog . 

Morris  Dam.  k  ali! . 

St.  Anthony  I  alls,  Minn . 

Oooan  ss  ator  noar  Palos  Vordos.  Calil . 

Oooan  ssator  noar  San  IVilro,  Calit . 

Oooan  ssator  noar  Sanuiol  II.  Hoardman  Stato  Park.  Orog . 

Oooan  ssator  noar  Vaohats.  Orog . 

Yaqnina  Kay.  Orog . 

Kainhoss  I  alls.  Hilo.  Hawaii  . 

Point  Water.  Hilo.  Ilassaii . 

Akaka  falls.  Hilo.  Ilassaii  . 

Visalia  Ai|iiailuet.  Calif . 

Stroam  ssator.  Port  Tojon,  Calif . 

Kuvoali  Kisor.  Calif . 

Oooan  ssator.  l.a  Itufailora.  Haja.  Calif . 
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“Water  samples  enriched  with  0.5'.;  glucose  and  sucrose  were  tested  lor  drag 
reduction  (for  periods  up  to  30  days),  and  the  masimum  value  was  listed. 


reduction  otter  120  days.  A  slight  turbidity  developed  after  1  week,  but  settled  out. 
leaving  the  water  clear.  Water  with  soil  added,  however,  showed  a  different  trend. 
After  several  days  considerable  turbidity  developed  which  continued  to  increase  with 
the  formation  of  large  masses  of  insoluble  aggregates  and  pungent  volatile  products. 
After  I  20  days  friction  reduction  was  less  than  57. 

I'rom  these  results  it  appears  that  when  sufficient  concentrations  oi  natural 
nutrients  are  present  added  sugar  provides  the  microbial  population  with  energy  and 
carbon  skeletons  for  cell  division  and  the  synthesis  of  matrices  in  aggregate  formation. 
However,  when  nutrients  are  minimal,  sugar  enrichment  affords  energy  and  carbon 
skeletons  primarily  for  the  synthesis  of  soluble  polysaccharides  necessary  to  cause 
friction  reduction.  The  possibility  thus  arises  of  utilizing  this  effect  in  emergency 
storage  reservoirs  for  fire-fighting,  in  order  to  provide  a  low-triction  supply  ot  water 
which  would  reduce  trictional  losses  in  piping  and  hoses  and  hence  increase  the  rate 


of  How  of  Witter  to  fight  fires.  This  idea  is.  of  course,  in  the  conceptual  stage  only, 
and  many  engineering  problems  remain  to  be  solved  belore  the  technique  can  be 
recommended. 


FINDINGS 

1.  The  friction-reduction  measurements  were  found  sensitive  for  the  detection 
of  polysaccharides  with  linear  conformations  and  molecular  weights  greater  than 
50.000. 

2.  Some  seaweeds,  phytoplankton,  and  bacteria  may  produce  materials  which 
reduce  turbulent-flow  friction. 

3.  By  producing  polymers  in  a  culture  medium,  algae  and  bacteria  have  re¬ 
duced  friction  by  more  than  50'a. 

4.  Bacteria  which  can  synthesize  friction-reduction  polymers  from  simple  sugars 
were  found  in  all  water  samples  tested. 

5.  Acidic  pH  conditions  inhibited  friction-reduction  polymer  s\  nthesis  by 
some  bacteria. 


CONCLUSIONS 

1 .  Turbulent-flow  measurements  can  be  used  to  show  the  presence  ot  certain 
biological  macromolecules  (polymers)  and  to  aid  in  their  partial  physical  charac¬ 
terization. 

2.  Polymers  produced  by  algae  and  bacteria  in  hydrodynamic  test  tacilitics  mas 
alter  the  turbulent-flow  properties  of  the  water  and  thus  at  feet  test  results. 

3.  Algae  and  bacteria  may  be  a  source  of  dissolved  high-molecular-weight  sub¬ 
stances  in  fresh  and  marine  waters. 


4.  Acid  conditions  may  prevent  the  synthesis  of  polysaccharides  by  some 


bacteria. 


5.  Bacteria  which  have  the  ability  to  produce  friction-reduction  polymers 
appear  to  be  omnipresent  in  water. 

(>.  Polysaccharides  may  have  engineering  applications  for  friction  reduction,  but 
they  are  generally  less  effective  than  synthetic  polymers. 
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Kl  (  OMMl  NDATIONS 


I  Iriction-reduction  measurements  should  bo  explored  as  a  tool  in  biological 
and  chemical  research  to  measure  and  characterize  long-chain  polymers. 

2.  Waters  in  hydrodynamic  test  facilities  should  be  tested  for  the  presence  of 
friction-reduction  polymers  and  maintained  free  from  organic  materials  which  may 
serve  as  a  source  for  the  production  of  these  polymers  by  microorganisms. 

d.  In  the  laboratory  preparation  of  bacterial  polysaccharides  a  butter  should 
be  added  to  maintain  slightly  alkaline  pH  values  to  prevent  the  possible  inhibition 
of  polymer  synthesis  which  may  occur  under  acidic  conditions. 

4.  Synthetic  polymers  should  be  considered  in  preference  to  the  polysaccharide 
for  most  friction  reduction  applications. 


Appendix 


THE  TURBULENT-FLOW  RHEOMETER 
AS  AN  ANALYTICAL  TOOL 

The  simplicity  and  sensitivity  of  the  turbulent-flow  rheometer  in  measuring 
friction  reduction  (Ref.  lb  and  17)  make  it  a  powerful  tool  for  polymer  chemistry 
and  biological  and  hydrodynamic  applications. 


Since  friction  reduction  effectiveness  is  directly  related  to  the  et  teethe  length- 
to-width  ratio  of  the  polymer  molecule  (the  degree  of  linearity ).  a  simple  Iriction- 
reduction  determination  for  an  unknow  n  solution  will  give  a  qualitative  indication 
if  a  linear  macromolecule  is  present.  Friction  reduction  produced  by  an  unknown 
solution  indicates  only  that  a  linear  polymer  is  present,  while  high  friction-reduction 
values  for  known  polymer  concentrations  can  give  estimates  as  to  the  length-to- 
width  ratio  and  consequently  molecular  weight  (Ref.  18  and  Id).  A  high  friction 
reduction  by  low  polymer  concentrations  indicates  long-chain  polymers,  while  low 
values  for  high  polymer  concentrations  suggest  that  the  polymer  has  a  lower  average 
molecular  weight  or  that  it  has  a  high  molecular  weight  but  is  highly  branched. 

Since  friction  reduction  is  a  function  of  polymer  linearity,  any  change  which 
alters  the  conformation  (effective  length-to-width  ratio)  ol  the  polymer  can  otten 
be  detected  in  the  turbulent-now  rheometer.  Figure  lb  shows  results  when  DNA 
was  tested  for  friction-reduction  effectiveness  in  the  presence  ol  a  number  ol  com¬ 
pounds  believed  to  alter  molecular  conformation  (Ref.  20).  The  dyes  d-amino 
acridine  and  proflavine  showed  large  increases  in  friction  reduction  when  mixed 
with  DNA.  These  materials  are  believed  to  interact  strongly  in  the  DNA  helix,  ex¬ 
tending  the  length  of  the  molecule.  Repeated  frictional  tests  showed  that  these 
materials  also  greatly  strengthen  the  DNA  to  shear  degradation.  Actinomycin-D 
also  exhibits  the  same  characteristics  with  DNA.  although  the  binding  may  not  in¬ 
volve  the  same  type  of  interaction  as  with  the  dyes.  In  contrast,  acridine  orange 
seems  to  interact  to  such  an  extent  as  to  separate  the  DNA  helix  components  so 
that  its  friction  reduction  was  practically  identical  to  that  of  a  DNA  preparation 
which  had  been  denatured  by  bringing  a  water  solution  to  dO°C  and  rapidly  cooling 
it.  Tests  with  the  carcinogens  3.  4-ben/pyrene  and  1 .  2.  5.  b-dibenzanthracene  and 


Percent  drag  reduction 


the  iK'ar  carcinogen.  phenanthrene.  indicated  some  lowering  ol  the  Iriction-reduction 
effect  (Fig.  17).  I  his  nuts  he  due  to  the  partial  umvi  tiding  of  a  helix  or  at  least  to  a 
weakening  which  allows  mechanical  shear  to  partially  separate  the  helix  pairs  (Ket.  20). 


I  iguro  l(>.  I  ration -reiliktion  meaMircments  of  DNA, 
ilen.ituial  DNA.aml  DNA  with  acridine  dyes  and  an 
antibiotic  as  a  function  of  DNA  concentration. 


I  iguro  17.  Drag-reduction  measurements  of  DNA 
anu  DNA  with  carcinogens  and  a  hydrocarbon  as 
a  function  of  DNA  concentration. 


More  insight  may  he  gained  into  the  physical  chemistry  oflong-chain  polymers 
hy  ntili/ing  friction  reduction  versus  concentration  curves  combined  with  friction 
reduction  versus  shear  curves.  Shear  degradation  curves  are  easily  obtainable  by  re¬ 
peatedly  passing  the  same  solution  through  the  fine  bore  tube  of  the  turbulent-flow 
rheometer  and  measuring  the  friction-reduction  effectiveness  during  each  pass. 

I  riction  reduction  versus  concentration  plots  can  he  used  to  rapidly  estimate  molec¬ 
ular  weights  of  long-chain  polymers  when  reference  polymers  of  known  molecular 
weight  are  available  (Kef.  IS).  This  information  combined  with  hydrodynamic  de¬ 
gradation  and  other  data  may  help  reveal  the  nature  of  bonding,  molecular  inter¬ 
actions.  and  molecular  weight  distributions  in  solutions  oflong-chain  polymers. 

Figure  IN  shows  the  friction-reduction  effectiveness  of  several  bacterial  poly¬ 
saccharides  and  guar  gum  after  increased  exposure  to  turbulent  How  (Ref.  14). 
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C > nar  gum  wus  influenced  the  least,  showing  little  loss  ;n  triction-reduction  efleetive- 
ness  after  20  passes  through  the  fine  bore  tube  of  the  rheometer.  Bacterial  poly¬ 
saccharide  from  Arthrohactcr  viscosus  showed  slightly  less  stability.  Bacterial  poly¬ 
saccharide  from  Xanthomonas  campcstris ,  I’sctulomonas  sp..  and  \cisscha  sp 
showed  an  initial  decrease  in  friction-reduction  ability  after  the  tirst  several  passes 
through  the  tube  and  less  of  a  change  after  subsequent  passes.  I  his  initial  decrease 
in  friction  reduction  is  probably  due  to  the  greater  fragility  of  the  longer  pohmer 
chain:  the  increased  stability  after  subsequent  passes  is  probably  due  to  the  more 
stable,  shorter  chains. 

It  is  interesting  that  polysaccharide  from  .1  vistosns  was  apparently  degraded 
more  than  guar  gum.  and  that  polysaccharide  from  rscudonionas  sp.  and  \t  via  sp. 
was  more  degraded  than  polysaccharide  from  A.  campcstris  I  he  greater  trietion- 


's 


reduction  abilits  of  guar  gum  and  poly saccluirido  from  .V.  campestris  suggests  that 
guar  gum  is  a  longer  moleeule  than  polysaccharide  from  A.  viscosus  and  that  poly¬ 
saccharide  from  A  conipcstris  is  longer  than  polysaccharides  from  Pseudomonas  sp. 
anil  \cisscria  sp.  The  longer  polymer  chains  would  be  expected  to  be  more  sensitive 
to  turbulent-flow  degradation.  Their  increased  stability,  however,  may  be  due  to 
stronger  bonds  between  monomeric  units  or  to  decreased  stresses  placed  on  these 
bonds  as  a  result  of  intramolecular  and  intermolecular  interactions.  This  anomaly 
may  also  reflect  different  molecular  weight  distributions. 

Other  applications  of  the  turbulent-flow  rheometer  include  the  measurement 
of  polymerization  and  depolymeri/ation  reactions  which  involve  long-chain  polymers 
and  the  measurement  of  the  production  of  extracellular  polysaccharides  by  micro¬ 
organisms.  As  shown  previously,  extracellular  polysaccharide  production  is  readily 
demonstrated  by  testing  the  culture  for  friction-reduction  effectiveness  ( l;ig.  3  to  6). 
f  inally,  it  should  be  noted  that  the  friction-reduction  measurement  is  particularly 
valuable  in  that  polymer  concentrations  can  be  detected  far  below  those  diseernable 
In  viscometry  when  a  linear  polymer  is  involved. 
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